High-performance power switching devices are used to realize high-performance power converters. These devices tend to generate high-speed switching harmonics that cause electromagnetic interference (EMI). There are several methods for reducing undesirable effects of EMI. An EMI filter or shielding is one of the most popular ways to reduce EMI; however, both EMI filter and shielding increase the cost, size, and weight of power modules. It is well known that the shape of the switching transient strongly affects the harmonics distribution. This paper proposes a new method for reducing high-frequency noise at specific frequency bands by modifying switching transient slopes. This paper describes the improvement in the method of transient wave calculation for obtaining more effective waveforms. In addition, it provides experimental verifications to show the feasibility of the proposed method.
Introduction
EMI (Electromagnetic interference)/EMC (Electromagnetic compatibility) problems caused by power converters have been pointed out in the course of developing highspeed semiconductor power devices such as IGBTs (insulated gate bipolar transistors) and MOSFETs. These problems result from steep changes in the voltage and/or current during switching in power converters (1) (2) . Power converters employing high-speed power devices are used in various types of devices, e.g., home electrical appliances, factory automations, automobiles, and electric utilities. Further, studies on the EMI in these apparatuses have been conducted (3)- (16) .
EMI filters, which are the most popular solution to EMI, include various capacitors and inductors, which implies additional costs and space for installation. Space is extremely limited in automotive applications, and occasionally, equipment sensitive to noise, such as AM radio receivers, are placed near a power converter (17)-(20) , for example, near the fuel pump (17) or fans (18) (19) . Even if the power rating is small, the interference to an AM radio receiver is a severe problem (20) in automobiles. In some cases, reducing harmonics around certain frequencies is essential, for example, when receiving AM radio waves in mountainous areas, where radio waves are weak.
Therefore, noise reduction techniques without EMI filters are desirable in that field. It is widely known that increasing of the gate resistance can reduce the EMI. The reason is that the gate resistor restrains gate current, which in turn reduces dv/dt across the power device at the switching transient. As a result, the harmonics of the power converter are attenuated in the high-frequency range, although the switching loss of the power device may increase. Considerable efforts have been expended to control dv/dt for various purposes (3)- (16) . The EMI will reduce by reducing dv/dt, even though the main purpose of dv/dt control is not EMI reduction. In (3)- (7) , the EMI reduction effect of dv/dt control is examined. Harmonics in higher frequency ranges can be widely subdued using dv/dt control. The reverse recovery current of the free-wheel diode and voltage overshoot that cause severe damage to power devices are also discussed. In (8)- (12) , dv/dt control was mainly applied to decrease the damage to power devices. Voltage balance in cascaded power devices was achieved by using dv/dt control (13) (14) . In all cases, dv/dt control caused harmonics reduction at higher frequency ranges. Although selecting the reduction frequency ranges was not possible, shaping of the switching transient was possible. Therefore, such shaping is proposed to realize a more effective reduction in harmonics (15) (16) . A flexible curve shaping circuit for achieving and controlling smooth transitions in a DC/DC PWM (pulse width modulation) converter is proposed in (15) ; A method of analysis for switching waveforms using their derivative terms is proposed in (16) , which states that imposing an 'Sshaped' profile on the switching transitions offers significant improvements in controlling the power loss and radiated EMI in power converters. The use of 'S-shaped' switching transients also improves the harmonics, as it reduces harmonics in the range higher than the selected frequency range.
In this paper, a new approach to reduce the EMI harmonics of the switching waveform in a selected frequency band is proposed. In the proposed method, the transient waveform of the switching device is modified to reduce an arbitrary frequency band. A systematic approach to obtain a transient waveform for the realization of the expected reduction is proposed based on minimization of the performance index calculated from the amplitude of harmonics. In order to realize a PWM switching waveform with the proposed transient, an MT-PWM (modified transient PWM) generator and V DS (drain source voltage of MOSFET, voltage across the power device) controller are developed. A V DS controller has a strong drain source voltage feedback in MOSFETs. The effect of the proposed method is verified through experiments.
Optimization of the Transient Waveform for Reduction of Harmonics in Desired Frequency Band
In this section, the basic principle of the proposed transient modification is explained.
Sampled Waveform
To simplify the optimization, the sampled voltage waveform shown in Fig. 1 was considered. The horizontal axis is the number of data and the vertical axis is the amplitude normalized by ±1. The reference, which was a symmetric waveform, was divided into N-point sampled data. The rise period corresponds to 2p times for the duration of the sampling period. The adjustable data are only during rising period. The other points are fixed. The discrete Fourier series sufficiently expressed the reference waveform, as shown in Eqs. (1) and (2) . Since the reference waveform was a symmetric and odd function, a 0 , a n , and the even numbers of b n became zero.
x(t) = a 0 + N/2 n=1 (a n cos nωt + b n sin nωt)· · · · · · · · · · · (1)
x i sin 2π (2m − 1)i N · · · · · · · · · · · · (2) Fig. 2 shows the frequency spectrum of the switching waveform shown in Fig. 1 computed using discrete Fourier transform. The horizontal axis is the frequency normalized by the fundamental frequency, which is equal to the order of harmonics; the vertical axis is the normalized amplitude. Here, the rise period τ is set to 10/1024 1%. In an order range higher than 1/τπ, the envelop of the harmonic amplitude is attenuated by −40 dB/dec. Furthermore, there are depressions at the orders of 103, 205, 307, and 409, and the harmonics around these orders decrease considerably.
Optimization Method of Transient Waveform
To control the frequency spectrum, weighting coefficients W n and a performance index H are introduced:
An adjustable point vector x is defined as
. · · · · · · · · · · · · · · · · · · · · · · · · · · · (4) Solving the following equation gives the optimal transient waveform. 
The above equation can be solved numerically using the Newton-Raphson method, because of the non-linearity of the equation.
f (x l ) · · · · · · · · · · · · · · · · · · · · (6)
Repeating the calculation of the above equation makes the solution converge to the optimal waveform.
Proposed Procedure to Decide Weighting Coefficients
A key point for obtaining the switching waveform that reduces specific harmonics is the choice of the weighting coefficient. In this section, a systematic approach to obtain the optimized waveform based on moving depressions of the spectrum is described.
As shown in Fig. 3(a) , the spectrum of the switching waveform has several depressions. If depressions can be placed at desired frequencies as shown in Fig. 3(a) , then harmonics reductions at arbitrary frequency bands would be made possible.
In this method, a trapezoidal waveform is used as the starting waveform. Then, several depressions ( f a1 , f b1 , f c1 ) near the reduction band are selected, as shown in Fig. 3(a) . The number of adjustable points selected should be as many as the selected depressions. In the case shown, three points were made adjustable. Next, frequencies with slightly narrower bands ( f a2 , f b2 , f c2 ) compared to the selected band are decided, and then the proposed waveform modification is applied with weighting coefficient 1 at the selected frequencies ( f a2 , f b2 , f c2 ) and weighting coefficient 0 at the other Optimization of Switching Transient Waveform Hirohito Funato et al. If the modification is successful, the spectrum of the obtained waveform becomes as shown in Fig. 3(c) . This procedure is applied several times until the desired spectrum is obtained as shown in Fig. 3(e ). Fig. 4 shows examples of obtained waveforms and their respective spectra. The period of the obtained waveform is 100 μsec, the rising and falling times are 1.6 μsec, and the duty ratio is 0.5. In this case, the starting depression frequencies are 650 kHz, 1270 kHz, and 1910 kHz. In the next step, the weighting coefficient is set as 1 at 690 kHz, 1230 kHz, and 1870 kHz. Finally, the depressions are placed at 870 kHz, 1130 kHz, and 1390 kHz to obtain noise reduction bands that cover the range between 800 kHz and 1400 kHz in the AM radio band. In Japan, the AM radio band is from 526.5 kHz to 1606.5 kHz. Longer switching transient periods are required in order to cover frequency bands below 800 kHz. Fig. 5(a) shows a computed waveform to reduce harmonics between 500 kHz and 800 kHz and Fig. 5(b) shows its spectra. From A modified transient waveform to cover the entire AM radio band between 526.5 kHz and 1606.5 kHz can be computed using the proposed method; however, the reduction effect is not so strong. This time, only three depressions are adjustable, and the entire AM frequency band is too wide for moving three depressions. If more than three depressions are adjustable, a wider reduction band may be possible; however, it is more difficult to realize the modified transient during actual switching. In actual application, the number of target radio stations is only one or two depending on the area. In Utsunomiya area, where the institute of first author is located, six major radio stations are usually received, NHK1 (594 kHz), NHK2 (693 kHz), TBS (954 kHz), QR (1134 kHz), LF (1242 kHz), and CRT (1530 kHz). The output powers of NHK1 and NHK2 are considerably stronger than other radio stations. In addition, CRT is the local radio station in Utsunomiya area, so its radio wave is usually strong. Considering these factors, the target reduction band was decided to be between 800 kHz and 1400 kHz, which covers TBS, QR, and LF in this study. If a wider reduction band is necessary, the modified transient waveform can be changed according to the target frequency band. For example, Fig. 6(a) shows the computed waveform to reduce harmonics between 1200 kHz and 1800 kHz, and Fig. 6(b) shows its spectra.
From the above result, it is verified that a switching waveform with the purpose of reducing harmonics at target frequency bands can be achieved by a systematic procedure through the proposed method. The obtained waveforms shown in Fig. 4(a) , Fig. 5(a) , and Fig. 6 (a) are referred to as MT-PWM signals in this paper.
Experimental Investigation

Circuit Construction of the Converter with Switching Transient Waveform Modification
To realize a step-down converter with MT-PWM, a switching waveform generator is necessary to provide for the arbitrary selection of duty ratios. Fig. 7 shows the circuit diagram of the proposed step-down converter with an MT-PWM signal. In this converter, the proposed MT-PWM signal is generated from the normal PWM signal using an FPGA-based signal converter, and MOSFET is used as a switching device. Another important aspect in the realization of the stepdown converter with MT-PWM is a method to control the switching transient of a real power device. In order to realize this difficult task, we used a V DS controller instead of normal gate drivers. The V DS controller has a feedback loop for precise control of the drain source voltage of the MOS-FET. The feedback of the V DS controller is very strong, and it compensates for the nonlinearity of the MOSFET. Therefore, the MOSFET can always be turned on when the reference signal is on and turned off when the reference signal is off in our experiments to choose appropriate gains. The MOS-FET worked in the linear region during the transient between on and off controlled by the proposed circuit. For different MOSFETs, the control gains may be adjusted. This circuit was composed of a current mirror stage, level shift stage, and buffer stage, as shown in Fig. 8 .
Parameters used in the experiment are shown in Table 1 , and a photograph of the experimental setup is shown in Fig. 9 .
In the experiments, we used a supply DC voltage (E) of 6 V.
Optimization of Switching Transient Waveform Hirohito Funato et al. A voltage of 6 V is relatively low, but it is sufficient to verify the feasibility of the principle of the proposed method. In addition, it is easy to expand the capacity and voltage (e.g., 12 V) of choppers, which are widely used in automobiles components such as in the power steering drive, and compressor drive of the air-conditioner.
Circuit Configuration and Output Signal of MT-PWM Generator
Various configurations may be possible for the generation of MT-PWM signals, and here, we employed a DDS (direct digital synthesizer). Fig. 10 shows the block diagram of an MT-PWM generator. First, the operation clock and normal PWM signal are prepared. When the MT-PWM generator detects the rising edge of a PWM signal, the phase accumulator begins counting. Next, the accumulated signal is used as the address for reading the waveform data. Finally, a continuous waveform is obtained using a D/A converter and low-pass filter. In this case, the MT-PWM generator modifies only the switching transient due to which the size of the memorized waveform data is very small. the load current transitioned between the load and the free wheel diode. During the "on" state of the MOSFET, I load and I D took the same value. The results verify that the MOSFET in the step-down converter was successfully turned on and off by means of the proposed MT-PWM generator and V DS controller. Fig. 14 and Fig. 15 show the magnified waveforms during the switching transient of V DS and I D of the MOSFET of the step-down converter that uses trapezoidal and MT-PWM signals as the reference signals, respectively. In these measurements, V DS and I D became oscillatory. The oscillation Optimization of Switching Transient Waveform Hirohito Funato et al. might be assumed to be caused by the interaction between the diode junction capacitance and line inductance because a rather long wire was connected to insert the current probe at the diode. Fig. 14(c) and Fig. 15(c) show V DS without the current probe. In these measurements, no oscillation in the voltage waveform was observed, and it is verified that the oscillation is caused by the diode junction capacitance and line inductance. Therefore, the spectra of V DS were calculated from the voltage measured without the current probe. Figs. 16(a) and (b) show the V DS spectra of the MOSFET where trapezoidal and MT-PWM signals are used as the reference signals, respectively. From these results, it is verified that the amplitude of harmonics around 1 MHz was reduced by approximately 10 dB by the trapezoidal waveform using the proposed MT-PWM signal. Fig. 17 shows the V DS spectra of the MOSFET applied to MT-PWM signals when the duty ratio is 0.3. Comparing Fig. 16(b) with Fig. 17 , it is obvious that the harmonics reduction effect is independent of the changes in the duty ratios. Fig. 18 shows the characteristic of the load voltage (V load ) vs. duty ratio. In this figure, duty ratio d was varied from 0. From this result, it can be seen that the experimental results agree with the theoretical line considering the diode forward voltage.
Operational Characteristics of Converter
Characteristics for Different Duty Ratios
Switching Loss
In the proposed method, the switching loss using the MT-PWM signal is theoretically the same as that using the trapezoidal waveform. In this section, the switching loss is evaluated experimentally. Switching loss energy W in one switching cycle is calculated as
where Turnon and Turnoff represent the periods during turnon and turn-off transients, respectively. Fig. 19 shows the characteristic of the switching loss energy in one switching period vs. duty ratio. It can be seen from this figure that the switching loss energy applying the MT-PWM transient for one switching period is almost the same as that applying the linear transient, the most popular switching transient waveform. This means that the application of MT-PWM to power converters does not cause an increase in the device loss if the switching transient period is the same.
Conclusions
In this paper, a modified PWM signal to realize harmonic reduction in arbitrary frequency bands was proposed. The systematic approach to obtain the PWM signal with modified transient (MT-PWM) with desired harmonics reduction was explained. MT-PWM is a method to reduce harmonics in a specific frequency band by modifying the switching transient. The shape of the modified transient is obtained by minimizing the evaluation function calculated from the amplitude of Fig. 19 . Characteristic of switching loss for one period vs. duty ratio the harmonics. The most noteworthy aspect of the proposed method is its technique to realize the MT-PWM in real power devices. To apply the proposed method, a MT-PWM generator and V DS controller were developed to realize a switching waveform with modified switching transient. The effectiveness and feasibility were verified through experiments on a step-down converter to which the proposed MT-PWM applied. The experiments showed that the harmonics reduction effect of approximately 10 dB was obtained compared to a normal trapezoidal switching transient.
The voltage control function and switching loss were the same as that in the conventional converter. The proposed method is suitable for converters in automobiles. In the proposed converter, the switching transient time is 1.6 μs, which is longer than that of conventional switching. Because switching loss depends on the switching transient period, a longer switching period cause a larger switching loss. Therefore, the application of MT-PWM may cause an increase in the switching loss due to the longer switching period.
Although the switching loss increases, the total loss may be less or the same as that is a conventional converter for the same harmonics reduction due to the LC filter loss.
